Introduction
Much devotion and many funds have been invested in developing in vitro methods supplementing animal experimentation in scientific research and industrial development. Regrettably, the expected perfect solution was not discovered. Even moderate hopes, e.g. for substituting the unacceptable Draize test with tissue culture methods, could not be fulfilled with confidence (Eskes et al., 2007; Spielmann et al., 2007) . Only few of the in vitro methods that have been proposed have found approval by the OECD (cf. OECD Guidelines in the internet concerning chemical safety and biosafety). Still, in vitro methods for predicting skin corrosion (Grindon et al., 2007; Kidd et al., 2007) , phototoxicity (Lelièvre et al., 2007) and measuring skin penetration (Chilcott et al., 2000) allow for some substitution of whole animal testing (Thasler et al., 2006) . Regrettably, in vitro evaluation of putative genotoxicity has shown that "the required battery of these sensitive in vitro genotoxicity assays has a low specificity, i.e. high percentage of false positive results for non-carcinogens" (Paul Carmichael at the recent ECOPA meeting, Brussels, 2007) . In vitro technologies describing the complex cell-cell interactions, as e.g. in the complex central nervous system or the well regulated cardiovascular system, are not feasible as yet. Therefore, the investigation of drugs or toxic chemicals in animals is still unavoidable in order to mermann et al., 2006) . This model is widely used, and our collaborators in Hamburg were awarded the "Forschungspreis zur Förderung von methodischen Arbeiten mit dem Ziel der Einschränkung und des Ersatzes von Tierversuchen" by the BMBF for developing techniques to engineer these heart cell patches in vitro. Still, in order to learn if the patches that are implanted on the scarified heart integrate and function in their new environment synchronously with the genuine, surviving cells, the animals had to be sacrificed, the hearts removed and investigated in vitro -functionally and histologically. With the help of MRI technology (alternatively by ultrasonic imaging) we could show day by day to what extent the heart cell patch was integrated and functioning (Zimmermann et al., 2006; and Fig. 1a, 1b) . No animal had to be sacrificed at any point in time for this analysis, but all unmatched data quality. Two examples prove that MRI does indeed provide a tool for substantial reduction and refinement in animal experimentation. They are taken from original publications (where a description of the methodological details can be found).
a) Imaging of the beating heart
Cardiac infarction is the major cause of death in Western, industrialized nations. In the future it is hoped to replenish the damaged and scarified heart with new, functioning cardiac tissue, engineered from embryonic cells ordepending on the scientific progress -later on by autologous heart cells derived from the patient's own adult stem cells (Mummery et al., 2007) . A model which evaluates this option is the infarcted rat heart, which, after a period of healing, receives a patch of functional, active heart cells produced in vitro from embryonic heart cells (Zimprovide safety and improved therapeutic means for mankind. Consequently, all attempts to reduce animal use and to refine experimentation to spare animals pain and suffering deserve more attention -even if these two R's do not comprise the ideal solution in view of those who put their hopes entirely on complete substitution of animal experimentation with in vitro or in silico techniques (Goldberg and Hartung, 2007) . In this context it appears noteworthy that the German Federal Ministry of Education and Research (BMBF) has started to support projects attempting to make use of modern imaging techniques to reduce and replace animal use. Altogether, the BMBF will provide more than 10 million € (for 3 years) to further explore and develop these tools (for futher details see BMBF: Bildgebende Verfahren als spezielle Beiträge zur Reduktion von Tierversuchen und zur Verminderung der Belastungen von Versuchstieren" within the framework "Biotechnologie -Chancen nutzen und gestalten" -see BMBF, 2007) . Particularly, the combination of modern genomics (knock-out, conditioned knock-out, multiple knock-out, knock-in, conditioned knock-in mice) with noninvasive technology allows for the evaluation of otherwise healthy animals under anaesthesia to answer questions about, for example, the involvement of certain genes (receptors) in acute, subacute and chronic pain (including hyperalgesia and allodynia) (Lacroix-Fralish et al., 2007) , cardiac regulation and dysfunction (Mangoni et al., 2003; Wehrens et al., 2003) .
It is gratifying to see that the initial sponsoring of this approach (our group and others by e.g. the DoerenkampZbinden Foundation and SET) and the presentation of results at meetings organized by DFG, BMBF, FFVFF, SET, ZE-BET and others have faciliated this major andertaking.
MRI in experimental research at the Doerenkamp chair in Erlangen
We here report on our efforts to apply imaging techniques for the purpose of reducing animal use and suffering and of refining scientific results for obtaining Fig. 1 : Dynamic heart imaging in rats and mice Time resolved imaging of the beating heart allows for comparing hearts in distinct beating phases under experimental conditions. (a) Normal rat heart compared to (b) infarcted heart (ventricle is dilated, infarcted area is flaccid, thin and lacks water, i.e. grey instead of normal white heart muscle). Arrows mark the region of the infarct, muscle free area. (c) Normal mouse heart and (d) hypertrophic heart after aortic constriction. In both cases a clear enlargement of the heart, i.e. hypertrophy, is visible (for details (rat figures) comp. Zimmermann et al., 2006) . The mouse pictures were produced under similar conditions. The development of heart hypertrophy is described in Herrmann et al., 2007. 
an additional, promising, new technique
This technique is by far not as advanced as MRI and PET. It does, however, offer promising aspects. This can be seen in Figure 3 . The present method for measuring inflammation in animals (defining the (inflamed) paw volume with a calliper or by fluid displacement) is painful. In search of a less stressing method, we tried OI. Using a new optical marker (OsteoSense ® , VisEn Medical), the degree of inflammation in animals overexpressing TNFα and -along with that -with inflammatory reactions in the hip and the mandibular joints could be visualised and evaluated quantitatively. We injected the fluorescent tracer into the tail vein of the animals (some paravenous tracer is nicely visible in Fig. 3a and 3b) . Employing a highly sensitive in vivo imaging system (real-time PhotonImager, Raytest ® ), we could show that high tracer accumulation occurred in the inflamed paws and jaw joints of mice overexpressing the TNFα . gene. We are presently investigating different options for quantitative analysis, which would allow earlier disease detection as well as measuring the degree of inflammation with higher sensitivity and dynamic range. (A full publication of these data is in preparation.) Moreover, the anti-inflammatory activity of drugs or compounds could be detected at a much earlier disease stage, and the animals would suffer less. It is obvious that measuring inflammation in a quantitative manner in these animals without dissecting the paws or using callipers in order to measure the thickness or -as has been done formerly -cutting off the paws and weighing them. Thus reduces both, the number of animals needed and the experimental burden inflicted on these animals.
Positron Emission Tomography (PET)
PET investigation in animals offers interesting options. This is exemplified in Figure 4 . Of course, the requirement of radioactive tracers, which in addition must be produced acutely (requiring a cyclotron), limits the use of this approach.
cifically reduces significantly correlates of nociceptor mediated (hyperalgesic) pain and of neuropathic pain (Knabl et al., 2008) .
Optical Imaging (OI):
could be observed "throughout", and the functional parameters could be defined. It is obvious that animal lives were saved by this procedure and the experimental animals did not suffer much, because the (non-invasive) MRI scans of the beating hearts were taken under anaesthesia. Current technological developments allow tto apply this scanning procedure also to (genetically modified) mice. We recently started to investigate knock-out mice with defects of cation channels (Herrmann et al., 2007) that may lead to cardiac hypertrophy. Again, this process can be monitored with MRI methods as can the effect of preventative therapy (Fig. 1c, 1d ).
b) Pain under anaesthesia
Modern pain research has shown that pain (nociception, as it is called in animals) results from peripheral stimulation of nociceptors, transmission of nociceptive neuronal impulses into the spinal cord and activation of several cortical areas involved in pain perception, pain recognition and emotional tinting. We could show recently that the activation of typical brain areas happened under anaesthesia, too, producing similar activation patterns as observed in conscious man (Hess et al., 2007) . Different aspects of pain processing can be investigated by fMRI in rats as in man (Apkarian et al., 2005; Borsook and Becerra, 2006; Sergejeva et al., in press ), but with fewer ethical constraints. Of course, the effect of, for example, unapproved new drugs can only be evaluated in animals. As in man, mild heat stimuli, when applied to irritated skin areas, led to much more activation of brain centres than when the same stimulus was applied to nonirritated skin (hyperalgesia). Moreover, the imaging approach allows for daily application of painful stimuli to animals under anaesthesia, monitoring the changes of quantitative and qualitative reactions in different brain areas, which may reflect mechanisms contributing to pain chronification in man. This approach could recently be used to define a new target of analgesic drug action. It could be shown (as given in Fig. 2 ) that a new model substance spe- fMRI is able to demonstrate nociceptioninduced cerebral activation patterns despite isoflurane anaesthesia The figure depicts in false colour images brain activation measured by the socalled BOLD (blood oxygenation level dependent) effect. Brain activation (O 2 extraction) results from the application of a short heat burst to either inflamed (a, c) or non-inflamed paws (b, d). The figure demonstrates that the analgesic compound (L-838,417) reduces the brain activation resulting from the stimulation of the inflamed paw (c) to the normal level (b). The analgesic compound did not measurably change the brain activation following application of heat bursts to non-inflamed paw skin (d). To identify the involved brain areas, major brain structures are depicted in (e). The results displayed are comparable to the data shown in Knabl et al., 2008 . Inflammation was initiated 6 hours before the first measurement by the injection of zymosan A subcutaneously into the left hind paw. development of advanced technologies which will continue reducing the number of animals sacrificed in neurobiological, pharmacological, toxicological and cardiovascular research and at the same time increase the scientific quality of the research results. We believe that refinement and reduction are at present very promising avenues towards more and better animal protection. of their bodies for autoradiography. It is obvious that much more animals would be required to be able to follow receptor binding and/or disappearance (displacement) from receptor over time.
Conclusions
Following pioneering activities, sponsored by concerned lay persons, demands from researchers and concerns of politicians. A major effort of the German research supporting organisation BMBF has led to the funding of research groups that attempt to develop imaging techniques for reducing the number and the suffering of animals (refinement) in research which cannot be pursued with in vitro or in silico technology. We expect that this funding will allow a rapid Still, with the help of drugs carrying an emitting tracer, e.g. [C-11] diprenorphine, it is possible to investigate the binding of neurotransmitters or drugs vice versa the displacement from receptors, the distribution of receptors and (NS-transmitters and morphologically/genetically determined) derivations, etc. The change of receptor density and the specificity of the blockade of pharmacologically relevant receptors are presently used also in drug research (Tietze et al., 2008) . This imaging technique is well established in humans, but as yet not widely used in small animals, e.g. rodents. Application in humans is limited to approved drugs and constraints resulting from radioactive tracers. The alternative, however, would be to apply radioactive tracers to animals, sacrifice different groups of animals at different time intervals and expose slices Dopamine receptors are essential targets in neurodegenerative processes, as Parkinson's disease and other diseases, and depression or schizophrenia. They also play a major role in regulating attention and physical activity. PET with its high sensitivity is used to describe the spatial receptor distribution with complete brain coverage (C, D). PET imaging also allows investigating the specific binding of drugs to these receptors. Many important drugs exert their activity as inhibitors or activators of these receptors. The method also serves as a non-invasive tool for detecting brain abnormalities (Minuzzi et al. (2006) 
